P eri-ictal autonomic dysregulation can occur during and after epileptic seizures, including significant blood pressure changes.
1,2 Hypotension has been described after seizures and has been suggested as a potential sudden unexpected death in epilepsy (SUDEP) biomarker. 3, 4 The role of cortical blood pressure control sites, through seizureinduced, disordered, or inhibited function, may be key. Although some animal studies 5, 6 describe cortical blood pressure control structures, only downstream, mainly brainstem regions have been convincingly identified in humans. 7 Invasive investigations of brains of patients with refractory epilepsy undergoing assessment for epilepsy surgery provide unique opportunities for mapping such potential cortical sites. 8 Their identification and electroclinical seizure characterization may yield clues to SUDEP pathomechanisms, as well as provide therapeutic targets in intractable essential hypertension.
Methods

Rationale
Several suprapontine brain structures governing blood pressure function have been identified, albeit inconsistently, in animals (orbitofrontal, cingulate, subcallosal, insular, hippocampal, amygdalar, temporal, and motor cortices) 5,9-13 and in humans (orbitofrontal, insula, and anterior cingulate cortices). 4, 14, 15 Therefore, these were our regions of interest for this study. Using modern stereotactic techniques in patients undergoing invasive electroencephalogram (EEG) studies as a prelude to epilepsy surgery, we aimed to identify the role of these structures in human blood pressure control. All patients provided written informed consent as participants in a University Hospitals Cleveland Medical Center Institutional Review Boardapproved research project evaluating the role of cortical structures in human respiratory and autonomic function.
Patients and Clinical Setting
From June 1, 2015, to February 28, 2017, we prospectively studied 12 consecutive patients with medically intractable epilepsy undergoing stereotactic EEG evaluations for epilepsy surgery in the Epilepsy Monitoring Unit at University Hospitals Cleveland Medical Center. Inclusion criteria were patients 18 years or older who had electrodes implanted in one or more of the above-mentioned brain regions of interest and in whom direct cortical electrical stimulation was indicated for mapping of ictal onset or eloquent cortex regions. Electrodes surrounded by radiologically visible hemorrhage were excluded from study. The number and locations of depth electrodes were tailored according to the suspected location of the epileptogenic zone in each patient based on clinical history, semiology, neuroimaging, and noninvasive EEG.
Procedure
Platinum-iridium depth electrodes measuring 1.1 mm in diameter and 2.5 mm in length, evenly spaced at 5-mm intervals, were implanted stereotactically using general anesthesia. Implantation trajectories were simulated using a software package (iPlan-Stereotaxy, version 2.6; Brainlab) based on recent 3-T magnetic resonance imaging (MRI) of the brain. Cranial computed tomography was performed within 24 hours after surgery. Using the iPlan-Stereotaxy software, postsurgical cranial computed tomography and presurgical brain MRI scans were superimposed for precise localization of singleelectrode contacts within the patient's presurgical MRI.
Stimulation
Bedside cortical electrical stimulation was carried out using a stimulator (Ojemann; Integra Life Sciences) (bipolar and monopolar stimulation, 50 Hz and 0.2 milliseconds pulse width, with train durations of up to 30 seconds). 16, 17 Current intensity started at 1 mA to a maximum of 10 mA. These parameters were chosen for safety reasons because they are identical to those used for brain mapping for clinical purposes. If a seizure was induced, stimulation was discontinued.
Resuscitation equipment was always kept in intimate proximity to the patient in case of need.
Blood Pressure, Cardiac, Respiration, and EEG Monitoring
Beat-to-beat systolic (SAP), diastolic (DAP), and mean arterial pressure (MAP) were recorded using a continuous noninvasive arterial pressure monitor (Monitor 500; CNSystems Medizintechnik AG). Nasal airflow was recorded using a nasal thermistor (Thermocouple Airflow Sensor; Pro-Tech). Arterial oxygen saturation and heart rate were monitored using pulse oximetry (Nellcor OxiMax N-600x; Covidien) and end-tidal carbon dioxide using a capnograph (Model 7900; Philips). Electroencephalogram and electrocardiogram were acquired using a diagnostic system (EEG-1200; Nihon Kohden) with a 256-channel amplifier. We arbitrarily defined significant blood pressure response as a decrease or increase by more than 5 mm Hg from the baseline mean during the stimulation period. The blood pressure response was only considered positive if there was a subsequent tendency to recover when stimulation was discontinued and when this response was consistently reproduced (during ≥5 sessions). Stimulation was initiated when SAP was within normal limits (100-125 mm Hg) and was immediately discontinued if it dropped either below 90 mm Hg or by more than 25 mm Hg from baseline. The EEG was closely scrutinized for stimulation-induced seizures and after-discharges during stimulation; if after-discharges were induced, that stimulation period was excluded from analysis.
Key Points
Question What cortical structures in the human brain are associated with blood pressure control?
Findings In this case series of 12 patients with intractable epilepsy who underwent deep brain electrical stimulation, 4 patients had electrodes placed in Brodmann area 25 (rostral subcallosal neocortex). Stimulation of 9 such electrodes (7 left and 2 right) in this area in these patients induced significant, consistent decreases in systolic blood pressure.
Meaning Brodmann area 25 may have a role in lowering systolic blood pressure in humans.
Data Analysis
A custom-developed graphical user interface (Matlab; MathWorks Inc) that included both signal processing and computational tools was used to automatically detect electrocardiogram R-wave, SAP, and DAP values as the maximum and minimum points between 2 consecutive R peaks. A series of four 5-minute consecutive epochs of artifact-free awakestate rest recordings were identified as baseline. Twenty minutes of frequency-domain baroreflex sensitivity (BRS), blood pressure variability (BPV), and heart rate variability (HRV) values were averaged to calculate baseline values. Stimulation values were calculated from initiation of stimulus until heart rate and blood pressure returned to baseline levels. Frequency-domain BRS was calculated as the average of the magnitude of the transfer function between oscillations of SAP and RR interval. Low-frequency (LF) range was defined between 0.04 and 0.15 Hz, and high-frequency (HF) range was defined between 0.15 and 0.40 Hz. The ratio of LF to HF was used as a measure of sympathovagal balance. Total power (TP) for BRS 18 (Figures 1, 2, 3 , and 4 and Video 1 and Video 2). The SAP decreases appeared after a mean (SEM) latency of 8.5 (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) seconds. At times, the fall in SAP was preceded by a slight rise (Figure 2 ). Once stimulation was discontinued, SAP began to increase within a mean (SEM) of 12 (1-47) seconds (Figures 1, 2 , and 3 and the eTable in the Supplement). The DAP did not change concurrently with SAP, resulting in a consistent narrowing of pulse pressure in all patients (Figures 1, 2 , and 3 and the eFigure in the Supplement). Heart rate responses differed. In patient 8, heart rate increased accordingly with SAP. On the other hand, in patients 7, 9, and 12, heart rate did not significantly change (Figures 1, 2 , and 3 and the eFigure in the Supplement). Arterial oxygen saturation and end-tidal carbon dioxide did not change at any time during or after stimulation. Frequency-domain analysis of BRS, BPV, and HRV comparing baseline with the stimulation period and baroreflex slope was performed in patients 7, 8, and 9 and showed a mixed picture (Figures 1, 2, and 3) .
During some of the Brodmann area 25 stimulation sessions, brief after-discharges were induced, although there were no differences in blood pressure responses when the afterdischarges were induced or not. However, we excluded stimulations with after-discharges to ensure that blood pressure responses were being produced exclusively by Brodmann area 25 stimulation and not by after-discharges in other brain areas.
We analyzed recorded seizures in those patients in whom we found hypotensive responses to specifically look for spontaneous peri-ictal hypotensive changes and for correlation of seizure discharges in Brodmann area 25 with hypotension. Patient 7 did not have hypotensive changes with the single seizure that was recorded; the Brodmann area 25 electrode was involved in the seizure, although the seizure discharge was widespread at that point. Patient 8 had no blood pressure recordings during seizures. Patient 9 had no seizures recorded during intracranial EEG monitoring with blood pressure recordings. However, he previously had 3 complex partial seizures with oral automatisms recorded with surface EEG and continuous blood pressure monitoring. Two of these had ictal and post-ictal hypotension (Figure 4) . Patient 12 had asymmetric tonic seizures lasting for less than 10 seconds in which blood pressure did not change and where the seizure did not involve Brodmann area 25.
No significant blood pressure responses were noted after stimulation of amygdala, hippocampus, and insular, orbitofrontal, temporopolar, lateral temporal, basal temporal, anterior cingulate, and posterior cingulate neocortex. Central apnea induced by stimulation was observed in temporal lobe structures and reported separately.
21 Apnea was not associated with blood pressure responses.
Discussion
The results of this study suggest that Brodmann area 25 has a role in lowering systolic blood pressure in humans and is a likely symptomatogenic site for peri-ictal hypotension. However, these data need to be reproduced in a larger sample of patients. This region is infrequently studied as a part of orbitofrontal and anterior cingulate invasive EEG explorations in refractory focal epilepsy, hence the small sample size in our study for which implantations were driven by the surgical rather than study hypothesis. Brodmann area 25 is also a site that has been reported to produce hypotensive changes in animals. 5 In humans, although the role of cortical structures in blood pressure control is inferred, this has hitherto not been conclusively established, and no single brain region has been universally accepted as a control site. Anterior limbic region stimulation in dogs and monkeys has produced marked falls in arterial blood pressure, as well as occasional rises. 5,9,10 Such falls usually occurred without significant alteration in heart rate. 9 Similar responses were seen after subcallosal, postorbital, anterior insular, cingulate gyrus, hippocampal, amygdalar, temporal, and motor cortices stimulation. 5, [10] [11] [12] 22 In humans, for whom opportunities to conduct similar experiments are limited, few studies of cortical stimulation targeting blood pressure control structures exist. In one study, 23 stimulation of bilateral rostrocaudal cingulate gyrus (Brodmann areas 9 and 10) was carried out among patients with psychosis before ablation in 12 cases. Blood pressure changes of SAP and DAP elevation in 8 patients and a drop in 1 patient were noted. Unilateral stimulation produced no responses at all. In another study, 24 orbitofrontal cortical stimulation in 9 patients undergoing frontal lobotomies for psychiatric disease produced inconsistent elevation of SAP in 6 of them. In a third study, 25 only subtle DAP and heart rate changes were reported after stimulation of insular cortex in 5 patients with epilepsy undergoing surgery for control of intractable seizures. Therefore, the present investigation is the first report to date of a dramatic, consistently reproducible blood pressure influence in all patients who had the same, restricted, cortical site stimulated, namely, the subcallosal region of Brodmann area 25. Our use of stereotactic EEG provides unprecedented depth electrode placement precision in deep cortical structures. 17 This not only localizes putative epileptogenic zones but also allows unique anatomical resolution for direct electrical stimulation and subsequent, confident identification of eloquent cortical structures. Stimulation parameters identical to those used in routine clinical cortical mapping suffice for these purposes. 16, 17 Repeated stimulation of 7 electrodes in the immediately adjacent anterior cingulate cortex of patients 10 and 11 herein produced no such responses. In patient 9, blood pressure responses were definitely present but were less impressive, most likely due to their significantly more anterior location close to the border between Brodmann areas 24 and 25 (Figures 1, 2, and 3 ). This suggests that blood pressure influences are limited to Brodmann area 25. It is also consistent with previous observations of no blood pressure responses with unilateral anterior cingulate stimulation. 23 Similarly, albeit with the limited number of patients in our study, orbitofrontal, insula (anterior part), amygdalar, hippocampal head, posterior cingulate, temporopolar, and temporal neocortex stimulations did not produce blood pressure responses; therefore, we could not confirm the role of these structures in human The mechanism of such striking falls in SAP without concurrent falls in DAP and heart rate is likely due to a cardioinhibitory reduction in myocardial contractility and a reduction in left ventricular stroke volume, as indicated by the narrowing of pulse pressure in all of our patients. The lack of significant changes in DAP (a product of resting transmural Stimulating parameters used were 50 Hz, 0. medulla, medullary raphe, and the A5 noradrenergic group of the pons. 14, 30 The ultimate influence is likely to be a reduction in sympathetic outflow in the efferent arm of the baroreflex emanating from the rostral ventrolateral medulla. The LF component of systolic BPV and HRV represents a good marker of sympathetic activity. Increase in HF HRV is thought to reflect an increase in vagal tone. 13 The baroreflex response represents the autonomic response to changes in blood pressure and can be quantified by a slope (9-12 ms/mm Hg in On the other hand, in patient 7, the calculated baroreflex slope was 0.2 ms/mm Hg, suggesting a poor baroreflex response. In patient 9, frequency-domain BRS analysis showed no significant changes before and during stimulation, although the responses were significantly weaker ( Figure 3 ). The differences in BRS between patients suggest that patients 7 and 9 have impaired compensatory responses to SAP decreases. The reasons for this were not explained by any phenotypic features, including seizure type, presence of generalized tonic-clonic seizures, seizure frequency, epileptogenic zone, or duration of epilepsy, and much larger study samples may be required to discern their relevance.
Whether these findings can be extrapolated to the population with epilepsy or to healthy individuals at large is questionable given our sample size. However, autonomic dysregulation is well described in epilepsy.
31,32 Impaired baroreflex function has been observed in temporal lobe epilepsy. 15 Whereas such autonomic dysregulation may have a number of implications, a major unknown in the understanding of SUDEP pathomechanisms is the role of profound peri-ictal hypotension. 3 None of the observed SUDEP and near-SUDEP cases reported in literature has had blood pressures recorded. 33 It is possible that some persons with epilepsy accrue greater tendencies to autonomic dysfunction than others and thus become prone to peri-ictal, potentially fatal, hypotension due to impaired homeostatic mechanisms. Certainly, patient 9 herein demonstrated hypotension during and immediately after partial seizures, although its significance with regard to the patient's SUDEP risk is unknown. We could not use the SUDEP-7 risk inventory score 34 for our study because there was no nonhypotensive group with which to make SUDEP-7 score comparisons. However, this is planned as an important aspect of a larger study as we continue to accrue patients. Our findings may have therapeutic implications. Stimulation of Brodmann area 25 in patient 12, with chronic hypertension, induced similar reduction in systolic blood pressure ( Figure 4 and Video 2). Stimulation of the ventral periventricular and periaqueductal gray areas, used as a treatment for chronic pain, has been proposed as sites for deep brain stimulation for the treatment of intractable hypertension. 
Limitations
Some limitations of our study need to be considered. First of all, the sample size was small, and we included only patients with medically refractory focal epilepsy. These data need to be reproduced in a larger cohort of patients to elucidate if our findings can be extrapolated to the general epilepsy population or to individuals without epilepsy.
Conclusions
The findings in this study suggest that Brodmann area 25 has a role in lowering systolic blood pressure in humans. It is a potential symptomatogenic zone for peri-ictal hypotension in patients with epilepsy. 
